Coconut (Cocos nucifera L.; Arecaceae) is one of the most economically important palms 44 worldwide due to the versatility of its products, which have been used by humanity since ancient 45 times as a source of food, drink, fuel, medicine, and construction material (Aljohi et al., 2016; 46 Food and Agriculture Organization of the United Nations, 2015; Prades, et al., 2012) . Coconut is 47 cultivated extensively in all the tropical countries of the world and is considered one of the most 48 important plant species to guarantee the survival of humankind (Gunn et al., 2011) . Many 49 studies have been conducted to characterize the genetic diversity of coconut collections and to 50 understand coconut cultivation history. However, northern South America is an under 51 represented region in these studies. Using a combination of population genomics, and 52 diversification analysis, we evaluated the relationships and origins of three non-admixed 53 genetically and morphologically distinctive coconut populations: Atlantic Tall, Pacific Tall and 54 Pacific Dwarf. 55
Coconut is a diploid with 32 chromosomes (2n = 32) and a genome size of about 2.4 Gb (Xiao et 56 al., 2017; Yang et al., 2018) , and is the sole species of the genus Cocos. Two clearly structured 57 subpopulations of coconut have been identified at the genetic level (Gunn et al., 2011) , 58 suggesting that coconut was brought under cultivation in two separate locations globally, the 59 Pacific basin and the Indo-Atlantic Ocean basin. There is also a record of prehistoric trade routes 60 and of the colonization of the Americas (Gunn et al., 2011). Its selection by cultivation, 61 hybridization and introgression in different tropical countries has led to the evolution, 62 dissemination and classification of two well-recognized palm genotypes (Geethanjali et al., 63 2018) . They are identified by a combination of their geographical location, type of reproduction 64 and growth habits. At present, this tropical tree crop is distributed across 93 tropical countries 65 (Tang et al., 2006) , including Central and South America, East and West Africa, Southeast Asia, 66 and the Pacific Islands, and is grown over 12 million hectares of land (Batugal, 2005) . 67
Worldwide coconut diversity studies have been carried out using RFLP (Lebrun et differentiation between these lineages suggest that coconuts have a long-standing evolutionary 80 presence in both ocean basins and were brought into cultivation independently in each of these 81 regions. This finding has several important implications for coconut domestication including two 82 geographical origins of coconut cultivation. 83
Coconuts lack clear domestication traits making it difficult to trace the origins of cultivation 84 strictly by morphology. Two distinctively different forms of the coconut fruit, known as niu kafa 85 and niu vai--Samoan names for traditional Polynesian varieties--are known. The niu kafa form 86 is triangular and oblong with a large fibrous husk. The niu vai form is rounded and contains 87 abundant sweet coconut "water" when unripe. Also, there are "tall" type palms which are 88 generally cross-pollinated, having have long stems and slow fruit production, and can be of the 89 niu kafa or niu vai type (Gunn et al., 2011). The "dwarf" type palms are recognized for being 90 self-pollinated, evidencing important domestication features such as short stems, high 91 productivity, and low genetic variability. These two types of palms gave rise to a vast number of 92 coconut populations of pantropical distribution that are poorly characterized at the genomic 93 level, and that are generally characterized and identified based on variable morphological agronomic traits, which are not apparent in juvenile phases (Ribeiro et al., 2013; Guevara & 95 Jáuregui, 2012; Teulat et al., 2000) . 96
High-throughput sequencing (HTS) has enabled the discovery of SNPs throughout the genome, 97 greatly increasing power for detecting neutral and adaptive patterns of variation (Taranto et al., 98 2016; Torkamaneh et al 2016) . Genotyping by sequencing (GBS) is considered an efficient and 99 economical method to quickly discover SNPs among several individuals simultaneously (Pavan 100 et al., 2017; Taranto et al., 2016) allowing geneticists and plant breeders to use these resources 101 for crop improvement. Such an approach has benefited many crops, like watermelon 102 (Nimmakayala et al., 2014) , cowpea (Xiong et al., 2016) , rice (Xu et al., 2012) , and spinach (Shi 103 et al., 2017) . 104
Here we explored the genetic variability of coconut populations distributed in coastal areas of 105 northern South America using combination of phenotypic data and a population genomics 106 approach. Genotyping by Sequencing libraries were used to generate a genome-wide SNP panel, 107 study the genetic diversity, population structure and diversification times among cultivated 108 coconut palms growing in Colombian coastal areas, and discovering alleles under selection. We 109 aim to a) determine the genetic identity and diversity of cultivated coconut in Colombia, b) 110 estimate dates for the independent origins of cultivated Coconut from the Pacific and Indo-111 Atlantic oceanic basins, c) discover outlier markers showing significant divergence from 112 neutrality resulting from selection in the course of coconut domestication. Our work informs 113 management practices for coconut germplasm resources in Colombia, provides a better 114 understanding of independent origins of cultivated coconut, and add to understand how coconut 115 palms evolve under domestication.
Materials and methods 117
Plant materials and experimental design: A total of 127 coconut individuals were selected from 118 main coconut producing departments on the Atlantic (two sampled sites: 30 individuals from 119 Córdoba and 30 from Antioquia) and Pacific (three sampled sites: 30 individuals from Nariño, 120 30 from Cauca and 7 from Chocó) Colombian coasts. Selection of individuals was made trying 121 to cover all different cultivated coconut varieties present in each zone. There was not available 122 information about specific cultivars and varieties that were grown in each zone. All selected 123 individuals were geo-referenced and marked in the field (Table S1, S3). 124
The Minimum Descriptor System for coconut palms was used to select a suite of qualitative and 125 quantitative variables that could be used to describe coconuts (IPGRI, 1998). Analyzed variables 126 included: palm shape, trunk circumference (cm), plant height (m), petiole length (cm), rachis 127 length (cm), number of leaflets, fruit shape, nut shape, number of coconuts per palm, fruit polar 128 circumference (cm), fruit equatorial circumference (cm), nut polar circumference (cm), nut 129 equatorial circumference (cm), fruit weight (gr), nut weight (gr), copra weight (gr), mesocarp 130 weight (gr), and volume of coconut water (ml) ( Table S3 ). Sampled coconuts were clustered 131 using two and three visualization clusters through a Principal Component Analysis (PCA) in R. 132 DNA extraction, library preparation and sequencing: DNA extraction was performed from fresh 133 leaf tissue collected in the field. A combination of CTAB (Hexadecyl trimethyl ammoniunm 134 bromide) extraction method (Murray & Thompson, 1980) were size selected on Blue Pippin, followed by a second size selection on a LMP-Agarose gel, 177 removing fragments smaller than 300bp and those larger than 400bp. Sequencing was done on an 178
Illumina NextSeq 500 using V2 Chemistry (300 cycles). 179
Variant calling: Read pre-processing and de-multiplexing of all library groups was done using 180 the Illumina bcl2fastq 2.17.1.14 software (Illumina, Inc), 1 or 2 mismatches or Ns were allowed 181 in the barcode read when the barcode distances between all libraries on the lane allowed for it. 182
De-multiplexing of library groups into samples was completed according to their inline barcodes 183 and verification of restriction site. No mismatches or Ns were allowed in the inline barcodes, but 184 Ns were allowed in the restriction site. Clipping of sequencing adapter remnants from all reads 185 was completed and reads with final length < 20 bases were discarded. Restriction enzyme site 186 filtering of read 5' ends was performed and reads with 5' ends not matching the restriction 187 enzyme site were discarded.
Quality trimming of adapter clipped Illumina reads was done by 188 removing reads containing Ns, and trimming reads at 3'-end to get a minimum average Phred 189 quality score of 20 over a window of ten bases. Reads with final length < 20 bases were 190 discarded. A subsampling (evenly across the complete FASTQ files) of quality-trimmed reads 191 was performed to 1.5 million read pairs per sample. FastQC reports (Andrews, 2008) were 192 prepared for all FASTQ files and read counts were recorded. Two software were implemented to call variants for the pilot study with the goal of finding the 194 best performing program: DiscoSnpRad (Gauthier et al., 2017) , and Stacks (Catchen et al., 195 2013 ). The best performing restriction enzyme and best bioinformatics pipelines to call variants 196 were subsequently used for this study (Table S2) Other parameters were left as default. DiscoSnpRad SNPs were filtered according to the 213 "populations" script that filtered Stacks data. 214
The Stacks p5 data set containing 27,600 SNPs for 125 individuals, after removing accessions 215 3527 and 3418 (Table S1 y S3) due 100% missing data rate, was used as base for posteriors 216 analyses. Stacks took longer to run than DiscosnpRad and used more RAM but recovered more 217 SNPs with less missing data (56-8.57%; Fig. S1 ). All further analyses were done with the dataset 218 Stacks p5 called full data set. coconut, after the flooding (Oppenheimer, 1998) . This proposed center of origin is also consistent with that proposed in the 1930s by Vavilov (Chester, 1951) . We calibrate this split at 274 7000 years using a normal distribution with offset = 10.5, mean = 0, standard deviation = 1.3. BayeScan was run using default settings: sample size = 5,000, thinning = 10, 20 pilot runs of 293 length = 5,000 and an additional burn-in = 50,000, resulting in a total of 100,000 iterations 294 following the initial burn-in of 50,000. We filtered loci by a FDR of 0.05 and repeated the runs 295 three times to ensure consistency. Reference Proteomes and UniProtKB. Additionally, a BLAST search was performed using 302 nucleotide (nblast), megablast and discontinuos megablast (dmegablast). 303
Results 304
Genotyping of coconut accessions: A total of 127 coconut individuals were obtained from main 305 coconut producing departments in the Atlantic and Pacific Colombian coasts. We obtained 306 367,830,670 raw reads for the 127 individuals analyzed in this study (average 3,198,528, 307 standard deviation 1,196,244; Table S1; NCBI Bioproject PRJNA579494; NCBI SRA 308 Accessions SRR10345275-SRR10345401). The FastQC results indicated that reads were of high 309 quality across the entire 150bp length. Because GBS datasets often have high levels of missing 310 data, filtering parameters can have a major impact on the overall size of the dataset. After 311 filtering loci, the dataset resulted in 125 individuals and 27,600 unlinked SNPs markers that had 312 a minor allele frequency > 0.01%, mean missing data 8.57% and standard deviation 3.5%. 313
Genetic diversity and differentiation: Summary statistics for each sampling site (Antioquia, 314
Córdoba, Nariño, Cauca, Chocó) and coastal region (Atlantic and Pacific) consisted of global F ST 315 calculations between sampling sites and regions.
Observed heterozygosity, expected 316 heterozygosity and inbreeding coefficient averaged across all loci were also calculated. Global 317 F ST suggest larger genetic divergence between Pacific and Atlantic coasts (0.38274 p<0.001) 318 rather than between sampling site comparisons (0.29249, p<0.001). Expected and observed 319 heterozygosity (H e , H o ) and inbreeding coefficients (F IS ) within Pacific and Atlantic regions are 320 comparable. Average H e , H o per site were lower for the Pacific than the Atlantic; while F IS was 321 higher in the Pacific (Fig. 1) . 322
Here, we found a pattern of genetic differentiation between the two coasts Atlantic and Pacific. 323 divergence was found between Nariño and Cauca's populations (F ST = 0.0152-0.0167) (Table 1) . 333
Global F ST suggest larger genetic divergence between Pacific and Atlantic coasts (0.38274 334 p<0.001) rather than the five-group comparison (0.29249, p<0.001). 335
We detected F IS ranges from -0.5 to values close to 1 (Fig. 1e, f) , Atlantic coconut populations 336 are predominantly exogamous due to cross-pollination and those of the Pacific are predominantly 337 inbred due to self-pollination. Global heterozygosity is less than 0.2, which partly reflects the 338 inbreeding habits of most of the Pacific palms and some of the Atlantic (Fig. 1a-d) . Inbreeding 339 coefficients for Antioquia and Cordoba palms had similar positive values close to zero. In 340 Atlantic populations, there is a slight excess of homozygotes and they are slightly in HW 341 disequilibrium. Pacific populations (Cauca, Nariño and Chocó) had inbreeding coefficients close 342 to 0.5, suggesting excess close to 50% in homozygotes according to what is expected under HW 343 equilibrium ( Fig. 1 c, d) . Similarly, heterozygotes observed grouped in either Atlantic or Pacific 344 regions. Atlantic populations had higher heterozygosity than those of the Pacific (Fig. 1 a-d) . 345
Population structure: To understand population structure of coconut cultivars in northern South 346 America we used several approaches, PCA and DPAC, MSN and Bayesian clustering methods. 347
The results of PCA using Hierfstats (Fig. 2) clearly showed that accessions tend to group by 348 either Pacific or Atlantic coasts. The first two principal components explained 49.47% of the 349 total variation. DPAC was done with the first 39 eigenvalues representing 81.33% of the 350 variation (Fig. 2b) . This analysis splits genotypic data into four groups divided according to the 351 two core groups (Pacific and Atlantic), with three sub-groups within the Pacific accessions, and a 352 single group from the Atlantic accessions. Some Atlantic coconut accessions show a degree of 353 admixture with accessions from the Pacific but the contrary is rare. PCA and DPAC of these 354 coconut accessions clustered similarly in un-rooted phylogenetic trees (Fig. 3c ).
Bayesian clustering algorithm implemented in Structure (Hubisz et al., 2009) was first used to 356 estimate ancestry proportions for each coconut accession. Evanno's test showed that four 357 populations (K = 4) represented the best number of clusters for 125 coconut accessions and 358 27,600 SNPs and an average of missing data of 8.57% (Fig. 3a) . A K = 4 was also confirmed by 359 the MSN (Fig. 2a ) in a reduced dataset accounting for a missing data rate > 5% (27,600 SNPs 360 and 58 of 125 total accessions). The reduced dataset was also analyzed in FastStructure (Raj et 361 al., 2014) . As shown in Fig. 3 at K = 4, the Atlantic group was clearly separated from the Pacific 362 group. The population structure result at this optimal K was consistent with the un-rooted 363 phylogenetic tree, DPCA and PCA results (Figs. 2b, d Genotypes were successfully obtained for 125 samples from five different geographical regions 389 in northern South America. This is the first genome wide approach used in coconut to discover 390 SNPs, filling an important gap in an already published first genome draft (Xiao et al., 2017) . In 391 this study, we provide a large genome variation data set for cultivated coconut grown in 392
Colombian coastal regions that have not been previously characterized at the molecular level. 393
Additionally, because our results were congruent with previously published results about the 394 independent origins of cultivated coconut, thousands of SNPs in representative coconut strains 395 provided an unprecedented opportunity to finely resolve the domestication history of cultivated 396 coconut. Population structure and phylogenetic analyses not only support the hypothesis that 397 there is a strong genetic break between Atlantic and Pacific populations in northern South 398
American but also provide diversification times for the split of these different genotypes. This 399 pattern corroborates previous hypothesis for worldwide genetic diversity of coconut (Gunn et al., 400 2011). 401
Genetic diversity and population structure analysis for Colombia cultivated coconuts: According 402 to mean F ST values obtained here there is a high level of genetic differentiation between coconut 403 populations of northern South America. However, considering genetic diversity of coconut 404 varieties initially introduced in Colombia, it can be seen that there is a trend towards lower levels 405 of genetic diversity in comparison to other world regions (Baudouin & Lebrun, 2009) , where the 406 status of coconut origin center is attributed, especially in the Southeast Asia. This implies smaller 407 genetic distances between coconut accessions of Colombia, nonetheless, the difference between 408 the Colombian Pacific and Atlantic populations are remarkable suggesting different origins in the 409 cultivated coconuts in each coast (Table 1) .
Here, we found a pattern of genetic differentiation between the two coasts Atlantic and Pacific. 411 F ST within samples from the same coast are smaller than F ST of samples from different coasts, for 412 example all the Atlantic -Pacific F ST are on order of magnitude below than the Pacific -Pacific 413 and Atlantic -Atlantic F ST . This level of differentiation suggests long-term evolutionary 414 divergence between two subpopulations, with independent origins of cultivated coconuts from 415 within each lineage (Table 1) . Highest genetic diversity was found in tall cultivars from the 416 Atlantic, while lowest diversity was found in populations from the Pacific where dwarf palms 417 were common (Fig. 1) . This is similar to reports by Meerow (2003) . Average values of genetic 418 diversity for dwarf coconut populations corroborate reports by previous studies that used 419 microsatellites, for example, an average value of 0.348 observed by Perera et al. (1998) , and a 420 mean value of 0.222 described by Meerow et al. (2003) . 421
Our Structure (K=4) data suggest extensively admixed genotypes for Colombia. However, we 422 identified four non-admixed genotypes including most of the total genetic variation in the region 423 with minimum redundancy, except for one accession from the Pacific from which we only have 424 one individual. A high proportion of hybrids with various degrees of admixture from these 425 genotypes were present in our dataset. A group of SNPs are exclusive to the Atlantic populations 426 while SNPs from the Pacific populations were found in hybrids of the Atlantic (Fig. 2 and 3) , 427 indicating gene flow is unidirectional. We could be overestimating K, due to the wide spread 428 pattern of admixture; plots with K=2 and K=3 are also included in supplemental material ( Diversification times for main cultivated coconut varieties at a global scale: Here we present for 437 first time diversification times using indirect evidence and fossil calibrated phylogenies for three 438 non-admixed genetic populations detected for northern South America (tall Atlantic, tall Pacific 439 and dwarf Pacific). First, we used an indirect calibration for the split of the tall Atlantic coconut 440 populations from the Pacific coconut populations. This was based on the assumption that coconut 441 was apt for human cultivation and that wild coconut populations were already mixed with 442 cultivated ones because of human movements. This occurred sometime after catastrophic floods 443 caused by the ice sheet collapse in North American glacier lakes about 8000 -14,000 YA 444 (Blanchon & Shaw, 1995) . These events resulted in the submergence of a land mass which had 445 been the center for the development of paddy rice by agriculturally-based civilizations in Indo-446
Malaysia (Oppenheimer, 1998 (Fig. 4) . Even though wild coconut fossils have been found and dated to ca. 60 457 MYA (Gomez-Navarro et al., 2009), based on our calibration we infer that diversification 458 between cultivated and domesticated coconut populations has happened very recently and in few 459 generations (Fig. 4) . Divergence between Atlantic and Pacific populations occurred 460 approximately in 50 generations, assuming a coconut palm can last up to 100 years (Harries, 461 1978) . More surprisingly domestication events in the Pacific between tall cultivated coconuts to 462 dwarf highly productive coconuts seem to have happened in less than 10 generations (Fig. 4) . differentiation between four populations of C. nucifera identified by Structure (Fig. 3) . SNPs 465 mapped to the C. nucifera partially assembled genome showed evidence of selection at three 466 putatively selected loci (22204, 10902, 26018). These loci were related to sex determination, 467 DNA binding (Zn finger enzyme) and a TPase pseudo gene respectively (Fig. 5 ). Outliers 468 detected using HmmerWeb had functions generally related to DNA integration, nucleic acid 469 binding and uncharacterized proteins (Suppl. Table 2 ). Analyses of outlier loci reveal a signal of 470 isolation between Atlantic and Pacific populations, suggesting that selection and local adaptation 471 play a key role in driving genetic change among these regions. Outlier tests indicate that allele 472 frequencies at a subset of the SNPs appear to be driven by selection, in particular for genes with 473 vital functions such reproduction, respiration and defense (Fig. 5 ). Candidate genes may have 474 been artificially selected during domestication of cultivated varieties. 475
Conclusion: Genotyping by sequencing data has proved useful and reliable for the identification 476 of high quality SNPs. We investigated genetic diversity and structure of coconut populations of 477 northern South America. The combination of Bayesian and Hierarchical clustering tools proved 478 to be effective in elucidating population genetic structure of coconut genotypes since the two 479 methods corroborate each other well. Our results propose a dated evolutionary hypothesis for the 480 independent origins of cultivated coconut globally. Even though wild coconut fossils have been 481 found and dated to ca. 60 MYA, our calibration suggest that diversification between cultivated 482 and domesticated coconut populations has happened very recently and in few generations. 483
Information generated in this study will contribute to the knowledge of coconut genotypes and 484 genetic diversity present in Colombia. Red ring disease in coconut and other cultivated and 485 native palms in the Neotropics have reached epidemic levels. Knowledge of the northern South 486
America genetic structure of the coconut, including regions with augmented levels of genetic 487 diversity, may ultimately prove useful in targeting source populations for disease resistance and 488 other crop improvement traits. This work is a first step towards future genome-wide association mapping studies and the identification of SNP markers able to enhance the precision breeding for 490 horticultural traits in cultivated coconut palms. 491
